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The kinetics of the’ reaction of aquo Fe(U) 
myoglobin (Mb(III)) with- H,O, at pH 8.0 and 20 “C 
have been investigated quantitatively under non-linear 
second order conditions. The data obtained at five 
concentrations of H,Oz (molar ratio [H,O,]/ 
[Mb] total in the range 0.3 to 4) were analysed simul- 
taneously by means of non-linear numerical integra- 
tion and optimization techniques. The only mecha- 
nism that satisfied the triple requirement of a 
standard deviation within the standard error of the 
experimental data, good determination of the 
optimized parameters and a random distribution of 
residuals is as follows: Mb(III) reacts with HzOz to 
form species X with a second order rate constant k,, 
= 3.53 x IO2 K’ s-l; species X in cum reacts with 
H202 to form species R with a second order rate 
cons tan t k+2 = 3.40 X IO3 M-’ SC’; species R is then 
converted back into Mb(III) with a first order rate 
constant k+3 = 9.60 X IO-’ s-l. At 408 nm 

A+db(m)-R = 71.9 mM--’ cm-’ and &Mb(lll,-X = 
104 mK’ cm-‘. Species R is spectrally identical to 
the Fe(IV) myoglobin species described by George 
and Irvine [Biochem. J., 52,511-517 (1952)]. The 
chemical nature of species X and R is discussed on 
the basis of the data in the present paper and data in 
the literature from EPR, Miissbauer, resonance 
Raman and magnetic susceptibility studies. 

Introduction 

As part of our continuing study on the reactivity 
of haem groups in simple redox reactions and the 
manner in which their reactivity may be modified by 
combination with different apoproteins [l-3] , we 
have examined in detail the kinetics of the reaction of 
aquo Fe(W) myoglobin (Mb(II1)) with H202. 

The reactions of a. number of haem proteins with 
Hz02 have been described and are well characterized 
in the case of horseradish peroxidase [4], cyto- 

tPresent add&s: Biozentrum de Universitit Basel, Abt. 
fiir Biophysikalische Chemie, Basle, Switzerland. 

chrome c peroxidase [5] and catalase [6], but only 
poorly so in the case of Mb(II1). Spectroscopic [7,8] 
and magnetic susceptibility [9] studies indicate that 
Fe(IV) species are formed, and kinetic investigations 
have shown that the apparent second order rate 
constants for the formation of these species differ 
by up to a factor of 10’ within this series of haem 
proteins [lo] . 

The reaction of Mb(II1) with H202 in the pH range 
8 to 9 results in the formation of a relatively stable 
red compound which we will call species R and which 
is characterized by an absorption maximum at 422 
nm in the Soret region, together with a maximum at 
547 nm, a weak band at 580-590 nm and a low 
shoulder at 510-520 nm in the a, fl region [l l-131. 
At pH values below 8, a green compound is also 
formed and the products of the reaction are unstable; 
above pH 9, species R is converted to choleglobin in 
which the porphyrin ring has been oxidized [ 11, 121. 
Redox titrations on species R demonstrated that the 
iron atom retained one oxidizing equivalent above the 
ferric state [ll, 141. Magnetic susceptibility [9], 
resonance Raman [8] and Mijssbauer [7] studies on 
species R are consistent with the formulation of an 
Fe(IV) low spin, axially compressed t& system in a 
3A2 ground state. The ligand in the sixth coordination 
position of the iron atom of species R is unknown. 

The kinetics of the reaction of Mb(lI1) with H202 
between pH 8 and 9 have been studied by a number 
of other workers, and although not fully charac- 
terized and understood, shown to be complex [ll, 
14-161. However, a number of features of the reac- 
tion are known which put certain constraints on any 
proposed kinetic scheme. First, the complete conver- 
sion of Mb(II1) to species R requires more than an 
equimolar amount of H202, and the relative amount 
of species R formed is dependent on the molar ratio 
of H202 to myoglobin and independent of the 
absolute concentrations of the reactants [ 1 l] . On the 
basis of these data George and Irvine [ 111 concluded 
that the formation of species R from Mb(II1) and 
H202 proceeds by an irreversible process and does 
not occur by a single step mechanism. Second, under 
conditions of approximately stoichiometric concen- 
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trations of reactants, the formation of a transient free 
radical species has been detected by EPR [14-161. 
Third, O2 is evolved and Mb(II1) regenerated during 
the course of the reaction [ 1.51. 

In the present paper we have analysed the kinetics 
of the reaction of Mb(III) with HzOz at pH 8.0 under 
non-linear second order conditions (molar ratio 

P-W&l /[Mb1 total in the range 0.3 to 4) quantitative- 
ly by means of non-linear numerical integration and 
optimization techniques in order to obtain further 
insight into the mechanism of this reaction and the 
source of its complexity. 

Experimental 

Sperm whale myoglobin type III was purchased 
from Sigma. The solid myoglobin was dissolved in 
0.05 M tris(hydroxymethyl)amino methane buffer 
pH 8.0, and, in order to ensure that all the myo- 
globin was in the ferric state, a five fold excess of 
KsFe(CN)6 was added. The excess Fe(CN)i- and 
Fe(CN)z- was then removed by passage through a 
G-25 Sephadex column. The concentrations of myo- 
globin solutions were measured from the absorbance 
of the deoxy Fe(H) form at 5.56 nm which has a pH 
independent extinction coefficient of 11.8 mM_r 
cm-r [17] (the deoxy Fe(H) form is obtained by 
reduction of Mb(III) with trace amounts of sodium 
dithionite). Bovine liver catalase was purchased from 
Boehringer Mannheim and the concentration of 
catalase solutions calculated using e4c5 = 340 mil4-’ 
cm-’ [18]. Hydrogen peroxide was purchased from 
BDH Chemicals Ltd.; before each experiment a stock 
solution of approx. 0.1 M was standardized against 
KMn04 using the method of Allen [19] and then 
diluted to the desired concentration. All reagents 
were of analytical grade. 

Fast kinetics were observed used a single beam 
Durrum-Gibson stopped-flow spectrophotometer. 
Slow absorbance, charges and absorption spectra were 
recorded on a Cary Model 212 spectrophotometer. 

The experimental data were digitized by the 
method of Clore and Chance [2], The overall 
standard error of the data was 1.5 + 0.2%. The kinetic 
data were analysed by means of non-linear stiff 
numerical integration and optimization techniques as 
described previously [2, 20, 211. We minimize the 
normalized x2 given by 

x2 = i ; Rfj = $ 5 {Cvij - Uij)/Oil 2 (1) 
i=l j=1 i=l j=l 

where j identifies the time point and i the data curve, 
Rij are the residuals, Vij the observed values, uij the 
corresponding calculated value and or the standard 
error of curve i. The overall standard deviation (S.D.) 
of the fit is then given by 

S.D. = @ (x2/(d - p)} 1’2 (2) 

where d is the total number of experimental points, p 
the number of optimized parameters and Q the 
overall standard error of the data given by the 
weighted mean of the standard errors of the indivi- 
dual curves 

Cp = ZUtri/Cri (3) 

where rr is the range of curve i. A measure of the dis- 
tribution of residuals for the overall fit is given by the 
mean absolute correlation index (c): 

I (4) 

A value of C significantly greater than 1.0 (the 
expected root mean square value of e if the residuals 
for each curve were all independent random variables 
of zero mean and the same variance) indicates that 
the departures between calculated and observed 
values are systematic [2]. A quantitative measure of 
how accurately an optimized parameter has been de- 
termined is given by the standard deviation of its 
natural logarithm (SD+& For values of S.D.b < 0.2, 
S.D.t,, = Ax/x, the relative error of the value of the 
parameter; for larger values of S.D.h, up to 1 in 
magnitude, the parameter value is determined to 
within a factor e N 2.72, and so its order of magni- 
tude is known; significantly larger values of S.D+, 
show that the observations are inadequate to deter- 
mine the parameter. 

In order to analyse complex kinetic data, it is es- 
sential to have a set of strict quantitative criteria on 
which to base one’s choice of model. Such criteria 
have been developed by Clore & Chance [2] and 
consist of the following triple requirement: an S.D. 
within the standard error of the data, good deter- 
mination of the optimized parameters and a random 
distribution of residuals. Thus for a given set of data, 
although there may be many models with an S.D. 
within the standard error of the data, models with 
too many degrees of freedom will fail such an analysis 
because of under-determination, and models with too 
few degrees of freedom will fail such an analysis as a 
result of the introduction of systematic errors in the 
distribution of residuals. 

Results 

In Figs. 1 and 2 a series of progress curves for the 
reaction of Mb(II1) with H202, monitored at 408 nm, 
are shown under conditions where the molar ratio 

W2021 /[Mb1 total lies in the range 0.3 to 4. The 
conformity of the data to the kinetic schemes given 
in Table I was tested by fitting the numerical solution 
of the ordinary differential equations derived for 
each scheme to the six progress curves in Figs. 1 and 
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TABLE I. Schemes for the Reaction of Mb(II1) with Ha02 together with their Overall Standard Deviations of the Fits and Mean 
Absolute Correlation Indices to the Data in Figs. 1 and 2. 

Schemes B and C are analogous to the schemes for the reactions of horseradish peroxidase (41 and catalase [6] with hydrogen 
peroxide respectively. The mean absolute correlation index, C, is a measure of the distribution of residuals and is defined by Eqn. 
(6). For C < 1.0, the distribution of residuals is random; for 6 >> 1.0, the deviations between the computed and observed 
progress curves are systematic [2]. The overall standard error of the data in Figs. 1 and 2 is 1.5 +_ 0.2% with a 99% confidence 
interval of l.l-1.9%. 

Scheme S.D. (%) e 

A. 

B.a*b 

C.a 

D.a 

k+l 
Mb(II1) + H202 - X 

k+2 
X+H20z-R 

1.2 0.98 

k+3 
R - Mb(II1) 

k+l ‘=+2 
Mb(II1) + H202 .= R - Mb(II1) 

k-1 

k+l 

Mb(II1) + H202 .p _R 
k-1 

k+a 
R + H202 - Mb(II1) 

4.8 3.2 

5.4 3.3 

kc1 
Mb(II1) + H202 w R 

> Mb(III) 
5.3 2.6 

k-1 _Y 

aThe addition of an extra first order step such that [= R -1 is replaced by [* X -+ R -1 does not improve the S.D.‘s of the fits 
of schemes B, C and D, and results in poor determination of some of the optimized parameters (S.D.m >> 1). bThe addition of 
a minor species E* either independent of E or in equilibrium with E, and reacting with Hz02 by an identical mechanism to E but 
at a different rate, does not improve the S.D. of the fit of scheme B, and results in poor determination of some of the optimized 
parameters (SD.,; >> 1). 
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Fig. 1. Comparison of the observed (0) time courses at 408 
nm for the reaction of Mb(II1) with approximately stoichio- 
metric concentrations of Hz02 with the best fit computed 
time courses for schemes A (---) and B (****). 8.49 @f 
(final concentration) Mb(II1) was dissolved in 0.05 M tris(hy- 
droxymethyl)amino methane buffer pH 8.0 at 20 “C and 
reacted with (a) 2.78 JUV, (b) 5.55 M,(c) 11.1 &f, (d) 20.0 
fland (e) 35.1 &kf(fmaI concentrations) HaOa. 
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Fig. 2. Comparison of the observed (@) time course at 408 
nm for the reaction of Mb(II1) with an approximately 
stoichiometric concentration of Hz02 with the best fit time 
courses for schemes A ( -) and B (q***) showing the 
decay phase of the reaction. 8.49 &f (final concentration) 
Mb(II1) dissolved in 0.05 M tris(hydroxymethyl)amino 
methane buffer pH 8.0 at 20 “C, was reacted with 20.0 fl 
(final concentration) HaOs. 
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TABLE II. Optimized Values of the Parameters for Scheme A together with Their S.D.1, and S-95% Confidence Limits. 

Parameter Dimensions Value S.D.1, Confidence limits 

5% 95% 

k+l 
k +2 

k+3 
A808 Mb(III)-X 

A808 Mb(III)_R 

Iv s-1 3.53 x 102 0.0163 3.43 x 102 3.62 x lo2 

hl-1 SC’ 3.40x 10” 0.0474 3.14 x 103 3.67 X lo3 
s-1 9.60 x 1O-5 0.0139 9.38 x 1O-5 9.82 x IO@ 
Iv-1 cm-l 1.04 x 10s 0.0307 9.89 x lo4 1.09 x 10s 

ilP cm-’ 7.19 x 104 0.0155 7.01 x 104 7.38 x lo4 

TABLE III. Optimized Values of the Parameters for Scheme B together with Their S.D.1, and S-95% Confidence Limits. 

Parameter Dimensions Value S.D.l, Confidence limits 

5% 95% 

k +1 

k-1 

k 

A;2Ma Mb(III)-R 

M-l s-1 4.07 x 102 0.0159 3.96 x lo2 4.18 x lo2 

s-1 8.08 x 10-4 0.0595 7.32 x lo* 8.91 x lo-+ 
S-’ 2.26 x 10-4 0.0394 2.12 x 10-4 2.42 x lo4 

M-I cm-’ 7.20 x lo4 0.0160 7.01 x 104 7.39 x 104 

2 simultaneously by means of non-linear optimization 
of the unknown parameters (i.e. rate constants and 
difference extinction coefficients). Only scheme A 
stated as 

k 
Mb(W) + H202 +1 X 

X + H202 
k 

&R 

k +3 
R - Mb(II1) (5) 

satisfied the triple requirement ([2] , see Experimen- 
tal section) of a S.D. within the standard error of the 
data (i.e. < IS%), good determination of the opti- 
mized parameters and a random distribution of 
residuals. The other kinetic schemes all failed on two 
counts: S.D. s greater than the standard error of the 
data and systematic errors in the distribution of 
residuals. The overall S.D. of the fit and the mean 
absolute correlation index (a measure of the nature of 
the distribution of residuals) for each scheme are 
given in Table I. 

progress curves in Figs. 1 and 2, systematic errors 
between the observed and computed curves for 
scheme B are seen. From Fig. 3 it can be seen that the 
dependence of the normalized amplitude of the reac- 
y~ l (AA:; /AA $(rn)_n) on the ratio [H20,]/ 

is non-linear and approaches a maximum of 
1 whzti[H202] /[Mb] total x 4. If the reaction pro- 
ceeded by a single step irreversible second order 
mechanism (i.e. Mb(II1) t H202 + R) then the curve 
would be a straight line with a slope of 1 up to 

P2021 /[Mb1 total = 1, and thereafter a horizontal 
line. 

The optimized values of the rate constants and The computed dependence for scheme A of 
molar difference extinction coefficients at 408 nm of 
Mb(II1) minus species X (Ac$&Inr_x) and Mb(II1) 

[RI ,,/ [Mb1 total and [Xl ,,/ [Mb] total on the ratio 

minus species R (Aeg&nI~_R) for scheme A are given 
W2021 /WI total is also shown in Fig. 3. The curve 

for PI ,,/ [Mb1 toa is sigmoid and reaches a 
in Table II. The,comparison of the experimental and maximum of 1 when [H202] /[Mb],a e 4. The 
computed progress curves for scheme A is shown in curve for [X],,/[Mb] total reaches a maximum of 
Figs. 1 and 2. The best fit curves for scheme B (which 0.08 when [H202] /[Mb] toti = 0.4, and the value of 
gave the second best fit after scheme A) are also [X],,/[Mb],a remains unchanged for all higher 
shown in Figs. 1 and 2, and clearly demonstrate the values of [H,O,] /[Mb ] toti. 

presence of systematic errors between the observed 
and computed curves. The optimized values of the 
unknown parameters for scheme B are given in Table 
III. 

The comparison of the experimental and 
computed dependence for schemes A and B of the 
normalized amplitude of the reaction (defined as the 
ratio of the maximum absorbance change produced 
in the reaction, AA%;, to the absorbance change 
produced by the complete conversion of Mb(II1) to 
species R, AAE&mr_n) on the ratio [H202]/ 

[Mb1 total is shown in Fig. 3. As in the case of the 
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Fig. 3. Observed (0) and computed dependence for schemes 
A (-) and B (---* ) of the normalized amplitude oQhe 
reaction of Mb(II1) with Hz02 at 408 nm (AA,,,/ 
AA$&,,,b,) on the molar ratio [H202]/[Mb]totr+ The 
computed dependence for scheme A of [R],,,/[Mb]total 
and [X] max/[Mb]totd on the molar ratio [Hz02]/ 
[Mb] total is also shown. 

The computed time courses of Mb(III), species X, 
species R, HzOz and &s (the absorbance change at 
408 nm in units of concentration) for scheme A are 
shown in Fig. 4 for [HzO,]/[Mb]tia = 0.3, 1 .O, 30 
and 100. A striking feature of this system which is 
seen throughout the HzOz concentration range, is 
that only two species are present at the completion of 
the reaction: Mb(III) and species X, the latter only in 
small amounts. No species R, however, remains. This 
is not surprising as species R decays spontaneously to 
Mb(II1) and requires the presence of Hz02 for its 
formation from species X. 

The finding that the maximum concentration of 
species X reached during the reaction is small (<S% 
of the total myoglobin concentration) due to the fact 
that k,, >> k+r has several consequences: 

(1) The characterization of the optical spectrum of 
species X has not been possible. 

(2) Providing species X is spectrally not too dissi- 
milar from species R (i.e. 0.5 =G Ae~r,(m)-x/ 
Ae&r,orrr_n =G 1.5) repetitive wavelength scanning of 
the reaction at approximately stoichiometrically 
equal concentrations of HzOz and myoglobin will 

yield a series of spectra with a single set of isosbestic 
points. This is confirmed in Fig. 5 where a single set 
of isosbestic points at 341 and 417 nm is observed in 
the Soret region. 

(3) Under conditions of a large molar excess of 
HzOz over myoglobin the progress curves of the reac- 
tion are monophasic and the kinetics are pseudo- 
first order up to high HzOz concentrations (Fig. 6). 
The apparent second order rate constant corresponds 
to k+r and from the data in Fig. 7 has a value of 3.5 
X 10’ K’ se1 which lies within the confidence limits 
of the value of k+r found by non-linear optimization 
(Table II). 

(4) The value of k,, can only be found under con- 
ditions where the concentrations of HsOz and myo- 
globin are approximately stoichiometric by non-linear 
optimization procedures. 

As species R is immediately reformed from 
Mb(III) via species X in the presence of HzOz, the 
rate constant for the reaction 

k +3 
R w Mb(II1) (6) 

cannot be estimated from a semi-logarithmic plot of 
the decay phase of the reaction (see Fig. 2). Such a 
plot would yield a value of k+a that was significantly 
underestimated. Thus, under these conditions the 
value of k+a can only be determined by non-linear 
optimization. An accurate value of k+s, however, 
may be obtained from a semi-logarithmic plot of the 
decay phase by removing all the remaining HzOz by 
the addition of trace amounts of catalase ([catalase] / 

[Mb1 total < 1 /150) after all the Mb(II1) has been con- 
verted into species R. Catalase catalyses the overall 
reaction 

k 
2H202 - 2H,O+Oa (7) 

with an apparent second order rate constant k - 4 X 
10’ M-’ s-’ [6] so that all the HaOz present is 
removed rapidly (<5 min). Thus the only reaction 
observed approximately 5 min after the addition of 
catalase is the spontaneous reduction of species R to 
Mb(II1) which proceeds by a first order process with 
a rate constant of 9.8 X lo- s-’ determined from 
the semi-logarithmic plot in Fig. 7. This value of k+s 
lies within the confidence limits of the value of k+a 
obtained by non-linear optimization (Table II). 

Discussion 

The state of the iron atom in species R has been 
studied by Mossbauer [7], resonance Raman [8] 
and magnetic susceptibility [9] studies, all of which 
provide strong evidence for a low spin Fe@) state. 
Although the nature of the ligand in the sixth coordi- 
nation position of the iron atom is unknown, several 
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Fig. 4. Computed time courses of Mb(III), species X, species R, Ha02 and c40!3 (the absorbance change at 408 nm in units of 
concentration) for scheme A. The absorbance change in units of concentration, c408, is given by Cd&t) = [X(t)] l Ae&lr)-,/ 
AE~&-~ + [R(t)]. The initial conditions are: [Mb(N)] = 10 NV; [Hz021 = 3 N(A), 10 fl (B), 30 fi (C) and 1000 r,&f 
(D). The values of the rate constants, Ae$&rrr)_, and A&&)+ are given in Table II. 

Wavelength lnml 

Fig. 5. Successive spectra in the Soret region illustrating the 
reaction of Mb(lII) with H202. 5.84 &f(final concentration) 
Mb(II1) dissolved in 0.05 M tris(hydroxymethyl)amino 
methane buffer pH 8.0 at 20 “C was mixed with 56.8 fl 
(final concentration) Hz02 (the total reaction volume was 3 
ml, and the volume and concentration of the added HzOz 
were 25 ~1 and 6.87 Nrespectively). Spectra were recorded 
in a continuous repetitive scanning mode from right to left at 
a rate of 65 s per scan (i.e. 2 nm s-r). Spectrum 0 is Mb(III) 
before the addition of H202. 

of its features may be deduced. O2 is evolved during 
the reaction of Mb(III) with Hz02 and its evolution 
exhibits an appreciable lag phase in relation to the 
formation of species R [15] which indicates that 0s 
is evolved during the spontaneous first order reduc- 
tion of species R to Mb(III). This suggests that the 

0 I I I 

0 1 2 3 4 S 

[H,O,l ImMI 

Fig. 6. Dependence of the pseudo-first order rate constant, 
k ,,bs, on the concentration of Hz02 for the reaction of 
Mb(N) with a large excess of H202. 10 r&f Mb(lI1) in 0.05 
M tris(hydroxymethyl)amino methane buffer pH 8.0 at 20 
“C (syringe 1) was reacted with Hz02 dissolved in the same 
buffer (syringe 2) in the stopped flow apparatus. Semi- 
logarithmic plots of the progress curves were linear for more 
than 95% of the reaction. The wavelength monitored was 408 
nm. 

ligand in the sixth coordination position contains 
two atoms of oxygen. 

The observation of an EPR detectable transient 
free radical species at g - during the reaction of 
Mb(II1) with H202 reaching a maximum spin con- 
centration of approximately 10% of the total myo- 
globin concentration [14] may be correlated to 
species X. Given that the OH radical would be 
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-0 10 20 
Time after the 
addition of 
cotolose (minl 

30 

Fig. 7. Semi-logarithmic plot of the spontaneous reduction of 
species R to Mb(III) following the addition of trace amounts 
of catalase to remove all remaining HzOa. 5.8 nitf (final con- 
centration) Mb(II1) dissolved in 0.05 M tris(hydroxymethy1) 
amino methane buffer pH 8.0 at 20 “C was allowed to react 
with 92 n&f (final concentration) Ha02 until the absorbance 
change at 408 nm reached a maximum and all the myoglobin 
was in the form of species R (- 10 min). 0.036 fl (final 
concentration) catalase was then added and the subsequent 
reduction of species R to Mb(II1) monitored at 408 nm. 

expected to be undectable owing to its very short life- 

time at room temperature (the reaction OH’ + OH’ 
+ HzOz proceeding with a second order rate constant 
of 5.5 X lo9 K’ s-’ [22]), it seems likely that the 
free radical is either a protein cation radical as in 
cytochrome c peroxidase [5] or a porphyrin rr- 
cation radical. In the latter case, unlike in compound 
I of horseradish peroxidase [4], the electron localized 
on the porphyrin would not be coupled through 
exchange interactions with spin localized on the haem 
iron, thereby accounting for the presence of a g - 2 
EPR signal. The spectral similarity in the Soret region 
of species X and R deduced from Fig. 5 (see Results 
section) suggests that the iron atom in both species 
is in the same formal valence state, namely Fe(W). 

The observation in unbuffered solutions that the 
formation of species R is accompanied by the release 
of one proton [23] indicates that ionizing groups in 
the active site are involved in the reaction of Mb(II1) 
with H202. 

On the basis of our kinetic analysis and the above 
evidence, we suggest the following mechanism for the 
reaction of Mb(II1) with HzOz at pH 8.0. The first 
step is a two electron transfer reaction resulting in 
the oxidation of Mb(II1) to species X: 

BIH 
Fe3* 

+H202 +H20 
Z 

RaH (8) 

Mb(II1) species X 

where Z represents either an amino acid in the active 
site or the porphyrin, Z” is the cation free radical 
produced by the oxidation of Z, and BrH and B2H 
are ionizing groups in the active site. The second step 
is a one electron reduction of species X by H202 
resulting in the formation of species R: 

- 

E 
Bl k-h 

Fe4’*OH 3.40 x 10s ~_r a-r 

Z 
+. + Hz02 

RaH 

(9) 
species X species R 

As Fe4’*OOH is of integral spin, no EPR signals are 
seen in species R [24]. It should be noted that the 
configuration Fe4’O; for species R can be excluded 
as it would be expected to exhibit an EPR signal. In 
the third step, species R undergoes an internal 
oxidation-reduction reaction resulting in the reduc- 
tion of Fe4+ to Fe3+ and the oxidation of the liganded 
-0OH to 02: 

BT 
‘=+, 

BIH 

Fe4+*OOH Fe3+ 
9.60 X 16’ 6-l 

Z Z +02 (10) 
+H+ 

BY B2H 

species R Mb(II1) 

The overall stoichiometry of the reaction of 
Mb(II1) with H202 corresponds to that of the classi- 
cal scheme for the reaction of ferric catalase with 
Hz02 given by [25] : 

141 
Cat(Fe3+) + H202 C 

k-1 

compound I (Z”Fe4*) 

k 
compound I + H202 A Cat t 2H20 t O2 

(11) 

Thus, it is useful to compare and contrast the two 
systems. 

The first step in the reactions of both Mb(II1) and 
ferric catalase with H202 appears to involve a direct 
two electron transfer resulting in the formation of an 
intermediate two oxidizing equivalents above Mb(II1) 
and ferric catalase: species X in the case of the 
Mb(II1) reaction and compound I [6] in the catalase 
reaction. The second order rate constant for the for- 
mation of species X is smaller than that for the for- 
mation of compound I by a factor of about 10’ (cf. 
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Table II and ref. 25). This difference may be due to 
steric factors imposed by the apoprotein limiting 
access of HsOs to the iron atom. This view is sup- 
ported by the observation that the rate constants for 
the formation of complexes between Mb(II1) and 
small ligands are in general much smaller than those 
for the corresponding reactions with ferric catalase 

WI. 
In the second stage of the catalase reaction 0s is 

evolved and ferric catalase regenerated in a process 
that appears to involve only a single step (i.e. an 
apparent direct two electron reduction of compound 
I) as far as can be determined from kinetic measure- 
ments [6, 10, 251. If a species corresponding to 
species R (i.e. a compound II-like species) is an inter- 
mediate in the catalase reaction, then, given that the 
overall reaction is second order up to a concentration 
of 1 M HzOz and kt$’ - 2 X 1O’Kr s-* [25], the 
rate constant (k+s) for its breakdown must be greater 
than lOa s-r. Thus, if the reactions of ferric catalase 
and Mb(II1) with H202 proceed by similar mecha- 
nisms, this would give a 10” fold difference in the 
stability of the respective R species (as k+s - 1O-4 
s-’ in the Mb(II1) system). On the other hand if the 
catalase reaction does indeed proceed by a mecha- 
nism involving a direct two electron reduction of 
compound I by HzOz, then the importance of the 
apoprotein in transforming the reactivity of the 
haem group in catalase away from that in the ‘model’ 
Mb(II1) system is even further emphasized. 
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